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ferent	 research	approaches	when	selecting	 species	mixtures	 that	 should	maximize	
positive	forest	biodiversity	and	functioning	relationships.




The	 provisioning	 of	 ecosystem	 services	 beneficial	 to	 human	well‐
being	 strongly	 relies	 on	 plant	 diversity	 (Cardinale	 et	 al.,	 2012).	
Decreases	in	primary	producer	diversity	can	impact	ecosystem	func‐
tioning	and	decrease	ecosystem	productivity	and	stability	(Cardinale	











The	 relationship	 between	 tree	 diversity	 and	 productivity	
has	 already	 been	 studied	 using	 different	 research	 approaches	
(Table	 1),	 starting	 with	 the	 analysis	 of	 forest	 inventories	 (Hartig,	
1791;	Schwappach,	1912;	Wiedemann,	1943),	 followed	by	silvicul‐
tural	 trials	and	tree	diversity	experiments	 (Bruelheide	et	al.,	2014;	
Koricheva,	 2002;	 Pretzsch,	 2005;	 Scherer‐Lorenzen	 et	 al.,	 2005;	
Tobner,	Paquette,	Reich,	Gravel,	&	Messier,	2014;	Verheyen	et	al.,	
2016)	 and	more	 recently	 by	 the	 selection	 of	 comparative	 plots	 in	
mature	forests	(Baeten	et	al.,	2013;	Bruelheide	et	al.,	2011;	Fischer	
et	 al.,	 2010).	 Forest	 inventories	 usually	 cover	 large	 numbers	 of	
uniformly	 distributed	 plots	 across	multiple	 forest	 types	 and	 large	
environmental	 gradients.	 Tree	 diversity	 experiments,	 in	 contrast,	
consist	 of	 spatially	 restricted,	 replicated	 plantations	 of	 different	
tree	 species	 compositions	 and	 levels	 of	 tree	 species	 diversity	 and	
have	 minimal	 variation	 in	 environmental	 conditions.	 Comparative	
study	 plots	 (Bruelheide	 et	 al.,	 2011)	 or	 “exploratories”	 (Fischer	 et	
al.,	2010)	consist	of	survey	plots	within	mature	forests	selected	to	
contain	replicated	levels	of	tree	species	diversity	and	compositions	






of	 tree	 species	 diversity	 on	 the	 productivity	 of	 the	 community	





Loreau	&	Hector,	 2001)	or	 from	 the	 admixing	of	one	or	 few	ex‐
ceptionally	 productive	 or	 dominating	 species	 (selection	 effects,	
Loreau	&	Hector,	2001).	Depending	on	the	forest	ecosystem,	spe‐
cies‐specific	growth	responses	to	increasing	tree	diversity	can	be	
consistently	 positive	 (Chamagne	 et	 al.,	 2017;	 Liang	 et	 al.,	 2016)	
or	variable,	depending	on	the	species	and	context	 (Baeten	et	al.,	
2019;	Jucker,	Bouriaud,	Avacaritei,	Dănilă,	et	al.,	2014;	Ratcliffe,	
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Holzwarth,	Nadrowski,	Levick,	&	Wirth,	2015;	del	Río	et	al.,	2017;	
Tobner	et	al.,	2016).	It	is	unclear	to	what	extent	these	differences	
in	 species	 responses	 to	 tree	 diversity	 are	 caused	 by	 differences	
in	species‐specific	characteristics	(Fichtner	et	al.,	2017;	Williams,	
Paquette,	Cavender‐Bares,	Messier,	&	Reich,	2017)	or	differences	
in	 study	design.	Comparing	 species‐specific	 responses	 to	mixing	
between	 the	different	 research	 approaches	 could	help	 to	deter‐








In	 the	FunDivEUROPE	 research	network	 (functional	 significance	
of	forest	diversity	in	Europe,	Baeten	et	al.,	2013),	all	three	previously	
described	 approaches	 (experiments,	 exploratories	 and	 inventories)	
were	applied	throughout	Europe	to	study	the	effects	of	tree	diversity	
on	 forest	ecosystem	functioning.	The	 three	approaches	partly	over‐












hypotheses:	 (H1)	 across	 all	 species	 and	 research	 approaches,	 tree	
species	 growth	 is	 higher	 in	mixed	 than	 in	monospecific	 tree	 com‐

























































































Within	 the	 framework	 of	 the	 European	 FunDivEUROPE	 project	
(www.fundi	veuro	pe.eu),	 the	 significance	 of	 forest	 biodiversity	 for	
ecosystem	 functioning	 across	 Europe	was	 investigated	with	 three	
complementary	 research	 approaches	 (tree	 diversity	 experiments,	
networks	 of	 comparative	 plots	 in	 established	 forests,	 and	 forest	
inventories).	 All	 approaches	 share	 a	 similar	 subset	 of	 tree	 species	
and	 forest	 types	 and	were	 established	 in	 regions	with	 similar	 cli‐
matic	 conditions	 (see	Appendices	 S1–S4	 and	Baeten	 et	 al.,	 2013).	
The	 approaches	 differed	 in	 how	 well	 they	 represented	 existing	
mature	forests,	the	comprehensiveness	of	the	studied	tree	species	
and	 environmental	 gradients	 and	 the	 extent	 to	 which	 potentially	




The	 experimental	 research	 approach	 contained	 growth	 measure‐





























F I G U R E  1  Location	of	the	research	approaches	compiled	in	this	study.	Shaded	countries:	national	forest	inventories	(16,773	plots),	stars:	
tree	diversity	experiments	(584	plots),	and	black	dots:	forest	exploratories	(169	plots)
























The	 inventory	 research	 approach	 contained	 harmonized	 for‐
est	 plots	 from	 five	 national	 forest	 inventories	 (Finland,	 Sweden,	
Germany,	Belgium—Wallonia,	and	Spain)	that	had	been	surveyed	at	
least	twice.	Details	can	be	found	in	Appendix	S5	and	in	Ratcliffe	et	
al.	 (2016).	 In	 short,	 for	 all	 trees	with	 a	dbh	of	10	 cm	or	more,	we	
extracted	 the	 tree	 status	 (ingrowth,	 survivor,	 dead	 due	 to	 natural	
mortality	or	harvesting)	 and	basal	 area	 (expressed	as	m2/ha)	 from	
the	 two	most	 recent	survey	dates.	We	discarded	all	plots	with	 in‐











annual	 temperature,	 temperature	 seasonality	 (standard	 deviation	
of	mean	monthly	 temperatures),	 annual	 precipitation,	 and	precipi‐




and	 the	 slope	 from	 the	GTOPO30—digital	 elevation	model	with	 a	
spatial	 resolution	of	one	square	kilometer	 (data	available	 from	the	
U.S.	Geological	Survey).
2.3 | Data preparation
For	 each	 plot	 of	 the	 experimental,	 exploratory	 and	 inventory	 ap‐
proach,	we	calculated	for	every	target/dominant	species	the	yearly	
summed	 increase	 in	 basal	 area,	 dbh,	 tree	 height,	 or	 diameter	 at	
ground	 height	 (based	 on	 the	 respective	 growth	 measurement).	
These	 summed	 growth	 estimates	were	 divided	 by	 the	 number	 of	





tified	 the	effect	of	 species	mixing	on	species	growth	as	 the	mean	
log	 response	 ratio,	 defined	as	 species	 growth	 in	mixed	divided	by	
species	 growth	 in	monospecific	 plots	 of	 comparable	 stand	 condi‐
tions	 (i.e.,	within	 the	same	dataset	and	 forest	 type).	 In	 the	explor‐
atory	 approach,	 no	 monospecific	 plots	 of	 Acer pseudoplatanus	 L.	
were	found	in	the	beech	forest	and	no	monospecific	plots	of	Betula 
spec.	and	Quercus robur	L.	were	found	in	the	hemiboreal	forest.	For	








similar	 regarding	 stand	 and	 environmental	 conditions	 and	 subse‐
quently	calculated	the	effect	size	for	each	pair	of	plots.	The	dissim‐
ilarity	in	stand	and	environmental	conditions	was	quantified	as	the	


























deciduous	 forest	 (582),	 mountain	 beech	 forest	 (426),	 nonriverine	






only	 those	 tree	 species	 and	 community	 compositions	 that	 were	












of	 that	 forest	 type/diversity	experiment.	The	whole	data	prepara‐











different	 countries).	 Those	multiple	 effect	 sizes	were	 assigned	 an	






















specific	 responses	 to	mixing	 across	 the	 research	 approaches),	 we	
fitted	separate	mixed‐effects	models	per	approach	 (for	 the	exper‐
imental,	 exploratory,	 and	 inventory	approach,	 respectively).	These	
models	included	the	identity	of	the	tree	species	as	a	predictor	vari‐
able	and	the	random‐effects	structure	was	adapted	from	the	model	
that	was	 applied	 to	 test	H1.	The	 intercept	of	 each	model	was	 set	





approaches	 (separately	 for	 the	 experiments‐exploratories,	 experi‐
ments‐inventories,	and	exploratories‐inventories	comparison).
Hypothesis	H4	(i.e.,	the	proposed	increase	in	the	consistency	of	
species	 responses	 to	mixing	when	 the	comparisons	of	approaches	
were	 restricted	 to	only	 those	community	 compositions	and	 forest	



















(approximated	 95%	 confidence	 interval:	 0.05–0.25).	 On	 average,	
species	showed	16%	higher	growth	in	mixed	compared	to	monospe‐
cific	plots.	When	calculated	separately	for	each	research	approach,	
both	 the	 inventory	 and	 exploratory	 dataset	 yielded	 significantly	
positive	mean	effect	sizes	(on	average,	species	growth	was	27%	and	
20%	higher	in	mixed	compared	to	monospecific	plots	of	the	explora‐
tory	 and	 inventory	 approach,	 respectively,	 Figure	 2),	whereas	 the	
mean	effect	 size	of	 the	experimental	approach	was	nonsignificant	


























In	 this	 study,	we	 compiled	 tree	 growth	data	 from	 three	European	




Based	on	 this	 extensive	dataset,	we	 conducted,	 to	our	 knowl‐
edge,	 the	first	study	on	the	transferability	of	 the	response	of	 tree	
species	growth	to	mixing	from	experiments	to	forest	exploratories	
and	national	forest	 inventories.	Our	results	confirmed	our	hypoth‐
esis	 of	 a	 general	 positive	 effect	 of	 tree	 species	mixing	on	 species	
growth	across	the	three	research	approaches,	although	this	effect	
was	nonsignificant	in	the	experiments.	This	finding	is	in	accordance	











forest	 inventories	of	France,	 the	Netherlands,	 Spain,	 Sweden,	 and	
Switzerland	(Vilà	et	al.,	2013).
Previous	 analyses	 of	 the	 published	 literature	 (Zhang,	 Chen,	 &	
Reich,	2012),	 the	Spanish	national	 forest	 inventory	 (Ruiz‐Benito	et	
al.,	2014),	 and	a	global	 forest	dataset	 (Liang	et	al.,	2016)	all	 found	




Regarding	 the	 exploratory	 approach,	 our	 results	 confirmed	
the	 findings	 of	 Jucker,	 Bouriaud,	 Avacaritei,	 and	 Coomes	 (2014),	
who	 previously	 analyzed	 the	 same	 exploratory	 dataset,	 and	 also	
found	positive	effects	of	species	mixing	on	plot	productivity	in	the	















Our	 results	 further	 suggested	 that	 species	mixing	mostly	 ben‐










2016).	We	 found	 consistent	 species	 responses	 to	mixing	 between	
the	exploratory	and	inventory	approach	only	for	those	three	forest	
types	with	the	most	stressful	climatic	conditions.	However,	for	the	







ing	 were	 largely	 inconsistent	 between	 all	 three	 approaches,	 even	







&	Cardinale,	 2017),	we	 found	 tree	 diversity	 effects	 on	 productiv‐
ity	to	be	generally	stronger	in	natural	as	compared	to	experimental	




Abbreviations:	ABAL:	Abies alba	Mill.,	ACPS:	Acer pseudoplatanus	L.,	BESP:	Betula spec.,	ALGL:	Alnus glutinosa	(L.)	Gaertn.,	CABE:	Carpinus 
betulus	L.,	CASA:	Castanea sativa	Mill.,	FASY:	Fagus sylvatica	L.,	FREX:	Fraxinus excelsior	L.,	PIAB:	Picea abies	(L.)	H.Karst.,	PINI:	Pinus nigra 
J.F.Arnold,	PIPI2:	Pinus pinea	L.,	PISY:	Pinus sylvestris	L.,	PSME:	Pseudotsuga menziesii	(Mirb.)	Franco,	QUFA:	Quercus faginea	Lam.,	QUIL:	


























on	 tree	 growth	 can	 be	 mediated	 by	 an	 interaction	 between	 tree	
size	 and	 climatic	 conditions.	More	 specifically,	 across	 the	 national	
forest	inventories	of	Finland,	Germany,	Spain,	Sweden	and	Belgium‐












even	more	 in	 the	exploratory	 approach,	 the	 juvenile	 trees	 are	 ex‐
posed	to	pressure	by	game	species,	which	are	known	to	be	affected	








to	 the	 inconsistency	 of	 species‐specific	 responses	 to	 mixing	 be‐
tween	 tree	 diversity	 experiments	 and	 established	 forests.	On	 the	
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